Experimental allergic encephalomyelitis (EAE) is a frequently employed animal model of the human disease multiple sclerosis. EAE can be induced by adoptive transfer of CD4 ϩ T cells that are specific for central nervous system (CNS) antigens, typically myelin proteins. Although the pathogenic mechanism or mechanisms responsible for the clinical signs and histological changes in EAE and multiple sclerosis are not fully defined, the entry of T lymphocytes and antigen recognition within the CNS are required. The present study describes the participation of a novel cell surface molecule with properties suggesting a role in cell-cell adhesion or co-stimulation, or both, in the development of EAE in the rat. The molecule is defined by the unique monoclonal antibody (mAb) TLD-4A2. The TLD-4A2 antigen is present on resting and activated T lymphocytes, activated CNS endothelial cells, and microglia. The antigen is normally distributed in many tissues including lymph node, thymus, and spleen, as well as in the inflamed CNS. Both its pattern of tissue distribution and immunoprecipitation and immunoblotting studies suggest that the TLD-4A2 antigen is a novel molecule. Treatment of rats with the purified 4A2 mAb resulted in the inhibition of the clinical signs of EAE and also decreased the number T cells and macrophages accumulating in the CNS parenchyma. TLD-4A2 antibody did not seem to directly interfere with T cell viability in vivo, as demonstrated by the ability to recover and stimulate CD4 ϩ encephalitogenic T cells from cervical lymph nodes of 4A2-treated animals. In vitro, the antibody partially blocked T cell proliferation assays. These data suggest that the TLD-4A2 mAb recognizes a novel molecule expressed on lymphocytes, endothelial cells, and macrophages that may play a role in hematogenous cell traffic and the initiation of CNS inflammation. (Lab Invest 2000, 80:313-326).
T he central nervous system enjoys a relative state of immune privilege due in part to being sequestered from the immune system and being devoid of significant numbers of immune system cells (Barker and Billingham, 1977; Hickey et al, 1987 Hickey et al, , 1991 Wekerle et al, 1986) . However, the brain is subject to a number of pathological inflammatory conditions wherein circulating leukocytes readily enter the central nervous system (CNS). Contrary to earlier notions concerning CNS immune privilege, there does exist a steady, albeit low, level of lymphocyte traffic through the normal brain and spinal cord (Hickey et al, 1987 . In CNS inflammatory conditions-as also occurs in multiple sclerosis (MS), viral infections, and post-infectious inflammatory syndromes in humans, as well as animal model systems such as experimental allergic encephalomyelitis (EAE)-the level of T lymphocyte and macrophage entry into the CNS is greatly augmented (Hickey, 1991) .
T lymphocytes and macrophages are the principal inflammatory cell types in MS and EAE lesions. The central role of these cells is demonstrated by studies employing monoclonal antibodies directed against a wide variety of molecules expressed on the surface of T lymphocytes and macrophages. Such treatment interferes with the function or migration of these cells, and blocks the initiation and development of EAE (Brosnan et al, 1981; Brostoff and Mason, 1984; Huitinga et al, 1990 Huitinga et al, , 1993 Sriram and Steinman, 1983; Zaller et al, 1990) . At this time, the exact parameters governing lymphocyte and macrophage traffic into the human CNS, as occurs in MS, are incompletely defined. Yet recent studies have underscored the importance of adhesion molecules and chemokine expression in such traffic (Baron et al, 1993; Hulkower et al, 1993; Kuchroo et al, 1993; Ransohoff et al, 1993; Yednock et al, 1992) .
The analysis of EAE in rodent systems has helped delineate some of the requirements for T lymphocyte entry into the CNS needed to initiate inflammation. Of these, T cell activation is one of the most critical Kuchroo et al, 1993; Sloan et al, 1992; Wekerle et al, 1986; Yednock et al, 1992) . Regardless of their antigen specificity, activated T cell blasts readily gain access to the CNS (Baron et al, 1993; Hickey, 1991; Hickey et al, 1991; Sloan et al, 1992; Wekerle et al, 1986) . This observation supports the hypothesis that activation-related molecules on T cells and their counter-ligands on brain endothelium play a central role in T cell transendothelial migration (Archelos et al, 1993; Baron et al, 1993; Hickey 1991; Yednock et al, 1992) . For T cells to produce inflammation in the CNS, the T lymphocyte must be specific for a CNS antigen and recognize that antigen in the context of major histocompatibility complex (MHC) class II molecules within the CNS (Hickey and Kimura, 1988; Hickey et al, 1991; Wekerle et al, 1986) . The expression of accessory molecules by CNS glial cells may also contribute to T cell activation in the CNS and the subsequent appearance of inflammation (Williams et al, 1994) . Despite these insights, our current state of understanding the identity, nature, and function of the specific cell surface molecules regulating T lymphocyte tissue entry and controlling effective antigen recognition is demonstrably incomplete.
For CNS inflammation, members of the monocyte/ macrophage family are also critical. Two populations of brain macrophages are important in the pathogenesis of both MS and EAE: the perivascular macrophages and the parenchymal resident microglia (Graeber et al, 1992; Hickey, 1991; Hickey and Kimura, 1988; Williams et al, 1992) . Both populations are bone marrow derived. The parenchymal microglia represent a stable population of CNS cells that have a very low level of turnover in rodents and humans (Hickey and Kimura, 1988; Lassmann et al, 1991; Unger et al, 1993) . Perivascular macrophages are continuously repopulated from the bone marrow in rodents and humans (Hickey and Kimura, 1988) . The perivascular macrophages have been shown to present antigen in vivo and are required for the initiation of CNS inflammation and induction of EAE (Hickey and Kimura, 1988) . Both of these populations of CNS macrophages become activated in MS and EAE, and the attraction of additional circulating monocyte/macrophages to the CNS is significantly augmented during inflammation (Lassmann et al, 1991) . Although the kinetics of macrophage turnover in the CNS have been studied, the specific parameters of macrophage traffic in normal and inflamed CNS, and the critical adhesion molecules and chemokines they require for participation in the lesions of MS and EAE, are not defined. Similar to T lymphocyte traffic, activation-induced molecules expressed by macrophages and their counter receptors on brain endothelial cells seem to be important in the migration process.
In this study, we characterize the expression of a novel activation-related cell surface molecule defined by the monoclonal antibody TLD-4A2, which was generated by immunizing mice with rat microglia (Flaris et al, 1993; Male et al, 1995) . This antibody recognizes an antigen expressed on the majority of CD4 ϩ T cells, certain subsets of monocytes, activated CNS endothelial cells, and reactive microglia (Male et al, 1995; Williams et al, 1996) . The antibody partially inhibits antigen-stimulated T cell responses in vitro, and extensively inhibits the clinical manifestations of EAE as well as the accompanying CNS cellular infiltration. The studies described here support the contention that the TLD-4A2 molecule represents a heretofore undefined cell surface moiety involved in either cell migration or cell-cell signaling or both.
Results
Immunohistochemical characterization of 4A2 expression in normal tissues demonstrated diffuse staining in spleen, thymus, and lymph nodes. In confirmation of previous results (Male et al, 1995) , the TLD-4A2 Ag was not detected in the spinal cord of normal control rats, but was demonstrated on CNS microglia and endothelial cells and inflammatory macrophages and T cells in spinal cord sections of rats with EAE ( Fig. 1 ). This staining pattern and distribution on microglia, endothelium, macrophages, and T cells is unique for currently defined adhesion molecules.
Flow Cytometry
Flow cytometry studies demonstrated a high level of expression of the 4A2 antigen on both resting and activated encephalogenic peptide (EP)-specific T cells, and on many dissociated cells from the spleen, lymph node, and thymus of normal rats (Fig. 2) . 4A2 antigen expression was readily detected on EPspecific T cell lines used in this study to transfer EAE. These cells were more than 94% TcR ␣␤ ϩ , and 95% CD4 ϩ (data not shown). The expression of the 4A2 molecule was compared with the expression of CD4, MHC class I and II, VLA-4, and ICAM-1 by flow cytometry and noted to be distinct.
4A2 staining on resting EP-specific T cells was homotypic and virtually all cells were positive, to a greater extent than the staining for CD4 (not shown), TcR ␣, ␤ (not shown), VLA-4, MHC class I and II, and ICAM-1 (Fig. 2) . After mitogenic lectin (concanavalin-A) activation for 3 days, the expression of 4A2 antigen was decreased slightly on the same cells compared with the isotype control antibody and anti-T-cell receptor antibody that remained at approximately the same level. VLA-4, ICAM-1, and MHC class II antigen expression was upregulated on activated EP T cells. In confirmation of previous results (Male et al, 1995) , 4A2 expression was demonstrated on the majority of cells from the lymph node (92%, n ϭ 2 experiments). There was no demonstrated difference in 4A2 staining intensity between lymph node cells directly isolated versus lymph node cells that had been activated in culture for 3 days with ConA; however, ICAM-1, VLA-4, and MHC class II antigen expression was increased on lymph node cells after activation. In dissociated cells from the thymus, 4A2 antigen expression was the highest (92%) followed by VLA-4 (82%), MHC class II (61%), and ICAM-1 (42%).
Approximately 50% of the cells in the spleen were 4A2 positive under basal conditions. This expression increased to more than 90% of the cells expressing the antigen after activation. A similar shift in positively stained cells was demonstrated with anti-ICAM-1, VLA-4, and MHC class II mAb. Figure 3 shows immunoprecipitates of the 4A2 Ag derived from brain endothelium and lymph node cells. The molecule appears as a major band at 50 kD with a minor band at 46 kD, both being single chain molecules. Molecular weights from endothelium and lymphocytes are similar. The precipitate derived from the endothelium also contained high-molecularweight components (principally bovine IgG and C1q) from the plasma serum, in which the endothelial cells were grown. The components are seen in Figure 3 , lane B at 220 kD. On the two-dimensional gel, these constituents are seen where IgG is 160 kD nonreduced, 55 kD and 25 kD reduced, and C1q is Ͼ220 kD non-reduced and has three closely set bands around 72 kD reduced.
Western Blot Studies

Inhibition of EAE
The injection of 5 ϫ 10 6 CD4 ϩ anti-EP T cells resulted in the induction of EAE that typically began by day 4 or 5 as evidenced clinically by a flaccid tail, and progressed to hind leg paralysis by day 5 or 6. In all studies, rats recovered by day 8 if not killed before that (Fig. 4) . Clarified IgG1 ascites control rats receiving 1-mg doses of antibody 1 day before the injection of T cells, the day of T cell injection, and 2 days after T cell injection developed EAE similar to non-injected or saline-injected control rats. Treatment of rats with 1 mg of 4A2 1 day before T cell injection, the day of T cell injection, and 2 days post-injection (PI) resulted in either the total inhibition of EAE induction or a delay in the onset, and a reduction in the severity and duration of EAE (Fig. 4) . The treatment of rats with a single dose (1 mg) of 4A2 2 days after injection of encephalitogenic cells also inhibited the onset and severity of EAE (n ϭ 4 rats, two different experiments, two different EP T cell lines) (Fig. 4) .
In three separate experiments using two different encephalitogenic, anti-EP, CD ϩ 4 T cell lines, 4A2 treatment resulted in either the complete block of EAE or a delayed onset and decreased severity of disease. In experiment 1, both the saline and ascites injected control animals developed flaccid tails and hind leg paralysis by day 6 PI (n ϭ 5). In contrast, none of the 4A2-treated rats developed hind leg paralysis (n ϭ 5) and only one of the 4A2 rats (20%, n ϭ 5) developed tail flaccidity for 2 days, compared with the control rats (100%, n ϭ 5) that had tail paralysis for 3 to 4 days. In experiments 2 and 3, using a different anti-EP T cell line, saline control rats had peak EAE at day 5 PI (n ϭ 6 rats). On day 5 PI, 28% of the 4A2-treated rats developed tail flaccidity (n ϭ 8) but none of these animals developed hind leg paralysis; 75% of the control animals had developed total hind leg paralysis (Table 1) .
Taken together, all saline and MOPC control animals developed EAE, whereas only 50% of the 4A2-treated rats merely developed tail paralysis without hind leg paralysis. Eighty percent of the control rats reached the stage of hind limb paralysis (Table 1) . There was a 4-fold increase in the maximal clinical severity in control rats as compared with the 4AZ-treated rats, and the duration of illness for 4A2 animals was 50% less than controls. Moreover, the average weight loss was 30% less for 4A2-treated animals than for controls (Table 1) .
Flow cytometric studies demonstrate that the majority of anti-EP T cells were 4A2 immunoreactive. It is therefore possible that the antibody treatment inhibited the induction of EAE as a result of complement- mediated lysis of T cells, by opsonization of cells resulting in their removal from the circulation, or by inhibiting normal T cell function as a result of the induction of anergy or augmented activation. For this reason, control experiments to recover EP-specific cells were performed using 4A2-treated rats that did not develop EAE. In these experiments, the draining cervical lymph nodes (n ϭ 5 rats) were removed on day 8 when animals were killed. Lymph nodes were dissociated and washed with Dulbecco's phosphatebuffered saline (DPBS) and the cell suspension cultured in culture medium with 5% ConA medium and 20 g/ml of EP peptide. Cells were cultured for 3 days and the resulting lymphoblasts were removed by Ficoll centrifugation. The recovered cells remained in culture for an additional 7 days until they returned to a resting morphology. Proliferation assays were performed in duplicate plates with triplicate wells per data point. Flow cytometry comparisons of TLD-4A2, MHC class II, VLA-4, and ICAM-1 Ag expression on the EP T cell line. (The EP T cells were 94% TcR ␣, ␤ϩ, and 95% CD4 ϩ as assessed using flow cytometry.) The EP T cell line was stained under resting tissue culture conditions or after 3 days of ConA (5 g/ml) activation in the presence of irradiated spleen accessory cells. Cells (1 ϫ 10 6 ) were stained with a secondary isotype antibody control (2 0 Ab), TLD-4A2 mAb (7 g/ml), OX-6 (MHC II) (50 l of hybridoma supernate), anti-VLA-4 (10 g/ml), and ICAM-1 (6 g/ml) followed by goat anti-mouse IgG-FITC (1:650). Ten thousand events per stain were accumulated. Data demonstrate that the 4A2 molecule is expressed on more than 95% of EP T cells, lymph node cells, and cells from the thymus. The level of 4A2 expression is higher than that of MHC class II, VLA-4, and ICAM-1 on the same cells analyzed. Results presented here are representative of n ϭ 2 flow cytometry experiments.
Williams et al
The results demonstrate that viable EP-specific T cells were easily recovered from the cervical lymph nodes and that these cells could proliferate in response to their specific antigen (Fig. 5) . The proliferative response was inhibited by preincubation of antigen presenting cells with the anti-MHC class II antibodies OX-3 and OX-6. Preincubation with 1 or 10 g/ml of 4A2 mAb also resulted in partial inhibition of T cell proliferation to a greater extent than anti-VLA-4 (1 and 10 g/ml) and similar to anti-ICAM-1 (1 and 10 g/ml) treatment (Fig. 5 ). Pre-incubation with both TLD-4A2 (10 g/ml) and ICAM-1 (10 g/ml) almost completely inhibited T cell proliferation (82% inhibition, n ϭ 3 experiments), similar to OX-3 and OX-6 controls.
Histological Studies
Hematoxylin-eosin stained sections comparing spinal cord taken at the same time point from saline control rats with paralytic EAE and 4A2 treated animals that had not developed EAE showed perivascular inflammation. Lymphocytes and macrophages were evident in perivascular cuffs and in the CNS parenchyma of saline control rats that developed EAE. In the 4A2 mAb-treated animals, there were lower numbers of inflammatory cells and these were largely confined to perivascular cuffs with a few scattered cells in the parenchyma (Fig. 6 ). Immunohistochemical studies show a striking difference between cellular infiltrates using T cell and monocyte markers.
There was a marked difference in the amount of T cells in EAE versus TLD-4A2-treated animals using mAb R73 against ␣␤ T cell receptor. As expected, T cells were undetectable in the normal CNS. In contrast, in the EAE animals, T cells were found throughout the spinal cord sections. 4A2-treated animals had a lower number of T cells than the control EAE animals, and the majority of these cells were restricted to the meningeal and sub-meningeal area.
Monoclonal antibodies against molecules expressed on macrophages and microglia also demonstrated a difference between the normal CNS, control animals that developed EAE, and 4A2-treated rats. It has been demonstrated that the mAb ED1 stains activated phagocytic macrophages and can be used to distinguish between infiltrating macrophages and phagocytic ameboid microglia in EAE versus resident resting microglia (Bauer et al, 1994) . We found a striking difference between the number and distribution of ED1 ϩ immunoreactive cells between the normal CNS, control EAE animals, and the 4A2-treated group. ED1 was not detectable in the normal CNS, whereas numerous ED1 ϩ cells were demonstrated in perivascular cuffs and the parenchyma of the control EAE animals. The 4A2-treated animals had signifi- Immunoprecipitation of 4A2 from an endothelial cell line and freshly derived lymph node cells. A, Immunoprecipitate from rat CNS endothelium (GP8. E4) in cell culture made with TLD-4A2, separated by two-dimensional SDS gel electrophoresis (non-reduced/reduced). The 4A2 protein appears as a major spot at 50 kD with a minor spot at 46 kD. The molecular weights are the same in both first (non-reduced) and second (reduced) dimensions. The major contaminant of the precipitate is IgG (160 kD non-reduced, 56 kD and 26 kD reduced). B, 4A2 immunoprecipitate (non-reduced) from brain endothelium. Major bands are at 50 kD and 46 kD, with high molecular weight contaminants. C, 4A2 immunoprecipitate (reduced) from rat lymph node cells with a major band at 50 kD.
Figure 4.
Treatment of rats with TLD-4A2 blocks or inhibits the induction and decreases the severity of EAE. Rats received 5 ϫ 10 6 EP-specific T cells and were coded and assessed for the development of EAE. Rats were examined daily for the development of EAE, where a clinical score 0 ϭ no clinical signs, 1 ϭ flaccid tail, 2 ϭ hind leg paralysis, and 3 ϭ moribund state. Treatment groups consisted of rats receiving TLD-4A2 (4A2; -ࡗ -) (three doses at 1 mg per dose; 1 day before T cell injection, the day of T cell injection, and 2 days after T cell injection), rats receiving one injection of TLD-4A2 2 days after T cell injection (4A2 PI; -¼-), and control rats receiving either saline injections or IgG1 MOPC21 isotype control (EAE Control; -j-). The data presented here are the pooled results of n ϭ 3 experiments, using n ϭ 11 (controls), n ϭ 12 (4A2-treated), and n ϭ 4 (4A2 2 days PI) Ϯ SEM. cantly lower numbers of ED1 ϩ cells compared with the rats with EAE, and the majority of these cells were in the meninges with only a few scattered cells in the parenchyma (Fig. 7) . OX-42, which is used as a marker of microglia and macrophages and also as an indicator of macrophage activation, further supported the notion that macrophages and microglia were highly activated in the EAE animals but not in the normal CNS or in 4A2-treated animals. In the normal CNS and the CNS of 4A2-treated animals, OX-42 staining was evenly distributed on microglia, revealing finely branched cells with crenulated processes. In contrast, OX-42 positivity in the CNS of EAE rats was accentuated on rounded, activated monocyte/macrophages in perivascular regions and in the parenchyma. The level of MHC class II expression, using the OX-3 and OX-6 mAb, also demonstrated a high level of induced MHC class II expression in the EAE animals over that of the non-inflamed CNS and 4A2-treated animals (Fig. 7) .
4A2 mAb Inhibition of EAE
Blocking the cell surface molecule identified by the mAb TLD-4A2 resulted in inhibition of the clinical signs of EAE, a marked diminution of the parenchymal inflammation of the CNS, decreased CNS immune activation, and apparent failure of activated macrophages to migrate into spinal cord parenchyma. This was achieved without deleting or anergizing the encephalitogenic T cells that cause EAE.
Discussion
The data presented here describe an apparently novel monoclonal antibody defined molecule expressed on the majority of rat T cells that is also induced during inflammation on CNS endothelial cells, brain macrophages, and microglia. This molecule, defined by the TLD-4A2 mAb, appears to have a unique distribution. We have previously demonstrated that treatment of either T cells or endothelial cells with TLD-4A2 mAb increases binding of T cells to endothelium 4-fold (Male et al, 1995) . This binding is inhibited with an anti-LFA-1 mAb or a combination of anti-LFA-1 and ICAM-1. Thus it appears that the TLD-4A2 antigen functions as a signaling molecule that augments integrin-mediated binding of lymphocytes to endothelium (Male et al, 1995) .
In the current study, we found that pretreatment of rats with TLD-4A2 before the injection of encephalitogenic T cells, or 2 days after T cell infusion, results in either the complete inhibition of EAE or a significant delay in the onset of disease and a decrease in its severity. Results of antigen presentation studies support a role for the 4A2 molecule on CD4 ϩ T cells and APC in T cell activation.
The data comparing the pattern and distribution of TLD-4A2 staining in a variety of tissues, as well as Western blot and flow cytometric studies, all support the notion that the 50 kDa single chain molecule recognized by TLD-4A2 is unique and not currently defined in the rat. Comparisons of 4A2 antigen with other defined molecules demonstrate that the 4A2 molecule is not similar to any of the other cell surface a Data presented here represent the mean Ϯ SE of the mean. ٩ represents the number of animals per data point. In some experiments, for histological studies of initiation and peak inflammation, control and 4A2-treated animals were killed. All other animals were killed on day 8 after receiving EP-specific CD4 ϩ T cells. b These animals received one dose of the 4A2 mAb 2 days after injection of EP-specific CD4 ϩ T cells. 4A2 animals represent animals that received 1 mg ip of SAS precipitated, protein G purified, mAb. Control animals represent animals that received saline (n ϭ 9) or 1 mg IgG1 clarified MOPC1 ascites (n ϭ 2).
c Numbers represent product of (number of days animal was sick) ϫ (number of days animal was at maximum level of illness).
Figure 5.
Pre-incubation of TLD-4A2 inhibits proliferation of CD4 ϩ T cells in vitro. Antigen presentation assays consisted of EP-specific CD4 ϩ T cells (T) recovered from draining cervical lymph nodes of n ϭ 5 rats that were treated with TLD-4A2 but did not develop EAE. EP-specific T cells were co-cultured with 2.5 ϫ 10 5 irradiated lymph node and thymus cells. Cells were pulsed with EP peptide (20 g/ml) and T cell proliferation assessed 48 hours later after a 16-hour pulse with 0.5 Ci 3 H-thymidine. Inhibition studies were performed by pre-incubating TLD-4A2, anti-VLA-4, and anti-ICAM-1 (1 and 10 g/ml) with irradiated lymph node and thymus cells for 1 hour before the addition of T cells. Positive controls for inhibition studies were OX-3 and OX-6 mAb (50 ml each) MHC class II blocking antibodies. The data are expressed as CPM of triplicate wells, and are representative of n ϭ 4 experiments.
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ligands previously demonstrated as involved in the induction of EAE. Moreover, comparison of the molecular weight and cellular distribution of the 4A2 antigen with what is known concerning the defined "CD" molecules fails to identify a similar entity in rodents and humans (Barclay et al, 1994; Pigott and Power, 1994) .
Immunohistochemical studies of the CNS from control rats with EAE consistently demonstrated lymphocyte infiltration of the meninges, perivascular area, and extension into the neural parenchyma. In contrast, 4A2 mAb-treated rats that did not demonstrate clinical EAE had lower numbers of lymphocytes within the meninges, and diminished lymphocyte and macrophage accumulation within perivascular cuffs. Most notably, there were very few inflammatory foci within the parenchyma of the treated animals.
The role of infiltrating CD4 ϩ T cells in producing the pathological changes seen in CNS inflammatory events is not fully defined (Williams et al, 1994b) . Although myelin-reactive CD4 ϩ T cells are not thought to be directly cytotoxic in vivo, they contribute to CNS inflammation indirectly by inducing CNS endothelial and glial cell activation, and by stimulating the recruitment of additional inflammatory cells to the nervous system. A number of earlier studies have employed TLD-4A2 treatment inhibits the traffic of lymphocytes into the CNS parenchyma. Rats received 5 ϫ 10 6 EP-specific T cells and were scored for the development of EAE. On day 5 the EAE saline-treated control rat (panel A) developed tail paralysis and was killed and compared with the TLD-4A2-treated rat that had no clinical signs (panel B). Hematoxylin-eosin staining demonstrates A, lymphocytic and macrophage infiltrate in perivascular and parenchymal locations on saline-treated control animals that developed EAE, and B, a lower number of infiltrates in the TLD-4A2 mAb-treated rats. Inflammation in these animals when found was always confined to perivascular locations. Results presented here are representative of n ϭ 2 control and n ϭ 5 experimental animals. Original magnification, ϫ250. Comparison of ED1, OX-42, and MHC class II antigen expression on rats that developed EAE versus their TLD-4A2-treated counterparts. The immunohistochemistry demonstrates A, ED1 reactivity of macrophage and microglia in EAE rat spinal cord compared with B, faint ED1 staining confined to meninges. C, OX-42 immune reactivity on activated rounded cells in the parenchyma compared with D, OX-42 staining of microglia in 4A2 treated spinal cord sections. This figure demonstrates resting microglia with branched processes. E, OX-6 immune reactivity on macrophage and T cells in the meninges and parenchyma of the spinal cord compared with F, OX-6 immune reactivity in the 4A2-treated rats that is found primarily in the meninges with scattered positive microglia in the parenchyma. Original magnification, all micrographs, ϫ250.
4A2 mAb Inhibition of EAE
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mAb to interfere with T cell/endothelial cell or T cell/APC interactions and thereby block EAE induction (Baron et al, 1993; Brostoff and Mason, 1984; Kent et al, 1995; Sloan et al, 1992; Sriram and Roberts, 1986; Sriram and Steinman, 1983; Yednock et al, 1992; Zaller et al, 1990) . With notable exceptions, few studies have investigated the mechanism(s) by which this EAE inhibition occurred (Bauer et al, 1995; Kent et al, 1995; Yednock et al, 1992 ).
Although we have not totally delineated the means by which TLD-4A2 mAb treatment interferes with the pathogenesis of EAE, the preponderance of evidence suggests that the 4A2 treatment results in the inability of T cells and macrophages to enter into the CNS parenchyma. It does not delete or anergize the encephalitogenic T cells, nor does it completely inhibit the ability of the T cells to respond to their specific antigen. It is known that T cell traffic to the CNS is required for the induction of EAE and most likely also for macrophage transmigration. The antibody treatment might interfere with disease initiation by blocking T cell/brain endothelial cell interaction and transmigration, or by inhibiting T cell and macrophage costimulation at the blood-brain barrier, thereby inhibiting secondary activation of one, the other, or both cell types.
What is the significance of 4A2 expression by immune system cells and CNS glial cells? Similar to LFA-1, ICAM-1, and MHC class II, the wide distribution of 4A2 within the immune organs, on microglia, and on the majority of rat T cells in vitro suggests an important involvement in intercellular interactions or cell migration or both.
The TLD-4A2 mAb was derived by immunizing mice with cultured rat microglia. Although we do not detect the 4A2 antigen in the normal, non-inflamed CNS, it is readily detected in the CNS of EAE animals as was shown in this study. Interestingly, the expression of 4A2 antigen in the CNS is seen within 48 hours after injection of encephalitogenic T cells; this is still 2 days before the animal becomes clinically ill and before histologically identifiable inflammation is noted (Williams et al, 1996) . The de novo expression of the 4A2 antigen in the CNS appears to be activationdependent. Whether the appearance of 4A2 in the CNS after EAE induction represents the actual de novo expression of the antigen or results from the unmasking of an activation dependent epitope or a constitutively expressed molecule is unknown.
Results presented in this study, and in previous publications, support the notion that the induction of 4A2 expression within the CNS is dependent upon the presence of T cells, possibly of the T H 1 phenotype (Male et al, 1995; Williams et al, 1996) . Microglial 4A2 expression is not detected in CNS stab wound injury or Wallerian degeneration after optic nerve transection, which in contrast to the EAE model are not immunologically mediated (Flaris et al, 1993; Molleston et al, 1993) . Although there is glial cell and presumably brain endothelial cell activation in both the stab wound and Wallerian degeneration models, there are few inflammatory cells entering into the CNS from the peripheral immune system (Male et al, 1995; Williams et al, 1996) . This observation, coupled with the evidence that 4A2 expression is increased on brain endothelial cells after IFN-␥ and not after TNF incubation, supports the contention that T cells of the T H 1 phenotype may be responsible for the induction of the 4A2 Ag in EAE (Male et al, 1995) . Thus the 4A2 molecule may be a necessary moiety for T lymphocyte and macrophage traffic into the CNS. It also is a marker of brain endothelial and macrophage and microglial cell activation in delayed type hypersensitivity (DTH) responses mediated by CD4 ϩ T cells of the T H 1 phenotype.
There are several putative mechanisms by which the TLD-4A2 mAb might inhibit the induction of EAE in the adoptive transfer model. We have addressed most of these in control studies. Hematoxylin-eosin stained sections from rats treated with the 4A2 antibody, but not given encephalitogenic T cells, did not demonstrate apparent tissue damage due to the antibody treatment, nor was there evidence of endothelial cell damage or cellular depletion in lymphoid organs. Examination of 4A2-treated rats versus saline-injected controls revealed the expected lymphocyte and macrophage populations in both groups, however inflammatory cells were not found in the CNS parenchyma of 4A2 antibody-treated rats. This evidence and the demonstrated ability to recover EP-antigen-specific T cells from the cervical lymph nodes of 4A2-treated rats argue against the possibility that antibody treatment merely resulted in the opsonization and removal of the pathogenic T cells from the circulation. The antibody does not totally block antigen-specific T cell proliferation as seen in proliferation assays, however antibody treatment in vivo may sufficiently interfere with T cell and macrophage activation so that overt disease is abrogated.
It does not appear that TLD-4A2 mAb inhibits EAE development solely by blocking the entrance of encephalitogenic T cells into the target organ. Support for this is given by the experimental modification in which 4A2 was administered 2 days after the injection of encephalitogenic cells. It has been shown that CNS-specific T cells have already entered the CNS within 12 to 24 hours after intravenous infusion . It is interesting to note that in our study, similar to Yednock et al, (1992) , treatment with mAb at 48 hours after cellular injection also significantly inhibits or delays EAE development, severity, and length of illness. These data support the notion that TLD-4A2, at least in part, inhibits the non-specific recruitment or transendothelial migration of additional leukocytes needed to produce disease.
Because TLD-4A2 partially inhibits antigen-specific T cell stimulation in vitro, we cannot rule out that blockade of the 4A2 molecule interferes with a secondary (co-stimulation) signal that encephalitogenic T cells may require for initiating the tissue-specific inflammatory cascade. In the T cell stimulation assays employed here, irradiated thymocytes and lymph node cells were used as APC; antigen presentation assays using CNS-derived monocyte/macrophage because APC have not been performed. Therefore, it remains possible that the 4A2 antigen on such specialized, tissue-resident cells subserves a different or relatively more important function in the pathogenesis of inflammation. Likewise, it is possible that TLD-4A2 mAb could inhibit T cell-mediated macrophage stimulation. Overall, the bulk of the evidence suggests that treatment with the 4A2 mAb interferes with recruitment of lymphocytes or macrophages or both into the CNS and thereby impedes development of inflammation.
In addition to the decreased incidence of inflammatory cells, and possibly as a result of it, 4A2 treatment apparently impedes monocyte/macrophage and glial cell activation, as detected by significantly diminished levels MHC class II, OX-42, CD4, and ED1 molecule expression in the CNS of treated rats. ED1 stains the phagosomes of activated, phagocytic macrophages (Bauer et al, 1994; Damoiseaux et al, 1994) . It has been shown that in EAE the majority of cells that are ED1 ϩ are recently infiltrating macrophages with a smaller population of microglia that have become activated (Bauer et al, 1994) . In addition, OX-42 is frequently used as an activation marker on microglia and macrophages (Graeber et al, 1990) . The expression of CR3 (OX-42) is enhanced in rodent injury models and during the course of EAE . After 4A2 treatment, there are markedly diminished levels of ED1 and OX-42 staining intensity compared with untreated animals with EAE, suggesting that it permitted a very low level of macrophage infiltration and parenchymal glial activation. The expression of MHC II molecules also define a distinct difference in immune activation of the parenchyma between the two treatment groups. In the 4A2 mAbtreated animals, there was little MHC class II expression compared with controls. The lower MHC class II expression by parenchymal microglial cells in the 4A2 treated animals is probably the result of the inhibition of T cell traffic into the parenchyma and thus a diminished amount of IFN-␥ to which they are exposed.
Although we do not have direct evidence at this time of what exactly the 4A2 molecule is, we do know from this study what molecules it is not. Based on immunohistochemical and immune precipitation data, it is clear that the 4A2 molecule has not previously been demonstrated. Several lines of evidence support our contention. Similar to this study using TLD-4A2 mAb, several earlier reports have demonstrated EAE inhibition using purified mAb against a series of immunologically important molecules including: MHC class II molecules (Sriram and Steinman, 1983; Steinman et al, 1981) , the T cell receptor (Zaller et al, 1990) , CD4, ICAM-1 (Archelos et al, 1993) , VLA-4 (Baron et al, 1993; Kent et al, 1995; Yednock et al, 1992 ) CR3 (Huitinga et al, 1993) , CD28 , and the CD40L (gp39) (Gerrotse et al, 1996) . Yet all of these other molecules have molecular weights, cellular distributions, and flow cytometry profiles distinct from the 4A2 molecule. CR3, CD28, and CD4 are not expressed by CNS endothelial cells. Flow cytometric results of freshly derived or activated cells from the spleen, thymus, and lymph node, and resting or activated CD4
ϩ T cell lines demonstrate that the 4A2 mAb has a staining profile different from MHC class II mAb, CD4, VLA-4, and ICAM-1 profiles. Although CD40 is induced on endothelial cells and expressed on perivascular macrophages in MS and EAE, it is not demonstrated on T cell lines in vitro. The CD40 molecule is detected on T cell lines after antigen or mitogenic stimulation (Gerrotse et al 1996) .
Candidate molecules that have a similar distribution but have not been implicated in contributing to EAE induction include CD11c (LFA-1), CD31 (PECAM), and CD44 (gp-90, HERMES). The results of immunoblotting studies indicate that the TLD-4A2 mAb recognizes a single chain molecule that is 50 kD under reducing and non-reducing conditions. These sizes are different from the molecular weight (MW) reported for CD11a (150, 170, and 180 kD reduced; 145, 165, 170 kD non-reduced; Larson and Springer, 1990) , CD31 (130 to 140 kD reduced and non-reduced), and CD44 (80 to 95 kD and 130 kD reduced; Stockinger et al, 1990) . However, the MW reported for different molecules may vary considerably depending on tissue source of the protein and also the species from which the protein was derived (Shimizu and Shaw, 1991) . The known distribution of LFA-1, PECAM-1, and CD44 in tissues also argues against these molecules being identified by TLD-4A2. CD11a is primarily a leukocyte antigen and is not expressed to a significant level on rat CNS endothelial cells ). CD31 was a potential candidate molecule for 4A2, and PECAM-1 is expressed on rat brain endothelial cells and T cells (Jackson et al, 1992) . But the expression of CD31 on microglia has not been demonstrated. Furthermore, we have screened the TLD-4A2 mAb against recombinant rat PECAM-1 and did not find reactivity by ELISA-although other monoclonal antibodies of the TLD series were CD31-specific (Male et al, 1995) . Similar to the expression of PECAM-1, CD44 is expressed on astrocytes in the brain but is not reportedly expressed on microglia (Aho et al, 1994; Moretto et al, 1993) . Thus, the bulk of currently available evidence suggests that this is a novel cell surface molecule (Barclay et al, 1994; Pigott and Power, 1994) .
The data presented in this study demonstrate that the TLD-4A2-defined molecule is a novel, functional cell surface moiety expressed by cells of the immune system and activated endothelial cells and microglia. Functionally, this molecule plays a role in T lymphocytes binding to endothelial cells in vitro. Moreover, antibodies against the molecule, when administered to rats due to develop EAE, prevent the disease presumably by inhibiting lymphocyte and macrophage migration into the CNS. The 4A2 antigen is an important new molecule with adhesion or co-stimulatory properties that are critical to the development of chronic inflammatory conditions of a type such as EAE. It is probable that the homolog of this cell surface molecule exists in humans. It might serve as an important immune-regulatory molecule in human ill-nesses, and may be an appropriate target for therapeutic manipulation.
Materials and Methods
Experimental Animals
Female Lewis rats, 2 to 3 months of age (n ϭ 27), were obtained from Charles River Laboratories (Wilmington, Massachusetts) and housed in the animal facilities at Dartmouth Medical School, and the New England Regional Primate Research Center, Harvard Medical School. Animals were cared for in accordance with National Institutes of Health guidelines on laboratory animal welfare.
Immunization and Cell Line Preparation
For these studies, cell lines were established that were specific for an encephalitogenic peptide (EP) of myelin-basic protein (Mannie et al, 1985) . The EP was dissolved in PBS and emulsified with an equal volume of complete Freund'a adjuvant (CFA) supplemented with 5.0 mg/ml Mycobacterium tuberculosis H37RA (DIFCO, Detroit, Michigan) for a final concentration of 1 mg/ml of EP. The EP-CFA emulsion was injected intradermally in the footpad of Lewis rats (200 ug per animal). Nine days after immunization, draining popliteal and inguinal lymph nodes were isolated, dissociated under sterile conditions, and the lymphocytes were cultured in the presence of EP at 20 g/ml final volume using initiation medium. Initiation medium consists of RPMI 1640 supplemented with 1% heat inactivated rat serum, 5% NCTC-109, 5 ϫ 10 Ϫ5 M 2-mercaptoethanol, 2 mM glutamine, 100 g/ml penicillin, 100 ug/ul streptomycin, and 100 g/ml fungizone. After 3 days of antigen stimulation, antigenspecific blasts were separated using Histopaque 1.077 (Sigma Chemical Co., St. Louis, Missouri). T lymphocytes were recovered from the density interface, washed twice with PBS, and expanded in a culture medium similar to that previously described, but with 10% FBS (HyCLone Laboratories, Logan, Utah) instead of 1% rat serum. Antigen specificity assays were performed as described below.
TLD-4A2 Preparation and Purification
The TLD-4A2 mAb was derived after immunization of mice with rat microglia cells (Flaris et al, 1993) . The isotype of the TLD-4A2 mAb is IgG1 as was determined by immune precipitation in gels using a kit (Male et al, 1995) . Ascites were produced in pristane-treated Balb/cJ mice and the gamma globulin fractions where purified by precipitation with a saturated ammonium sulfate solution. The gamma globulin fraction was dialyzed against PBS for 48 hours with several PBS changes, and then sterile filtered with a 0.45 mm low protein binding filter (Corning, Corning, New York) . The concentration of the mAb was adjusted to 1 g/ml of protein with PBS.
Induction of EAE and Antibody Treatment
EAE was induced by tail vein injection of EP-specific T lymphoblasts (5 ϫ 10 6 cells per animal) that had been activated in vitro for 3 days with the mitogenic lectin Concanavalin A (5 g/ml) (Sigma) in the presence of irradiated (1,500 rad) spleen accessory cells (Hickey et al, 1987) . Experimental animals received EP-specific, encephalitogenic T cells, and either: (a) 1 ml saline; (b) 1 mg clarified ascites MOPC-21 (IgG1 isotype control, diluted in PBS for final concentration 1 mg/ml) (Sigma); or (c) 1 mg mAb TLD-4A2 purified from ascites and diluted in PBS to a final concentration 1 mg/ml. Rats received injections of saline or antibody ip 1 day before the injection of encephalitogenic T cells, the day of T cell infusion, and 2 days after T cell injection. In two additional experiments, rats (n ϭ 4) received a single dose of 4A2 antibody 2 days after the injection of EP-specific T cells. Rats in the different treatment groups were coded, weighed, and assessed for clinical scores in a blind fashion. Clinical scores are as follows: 0, no disease; 1, flaccid tail; 2, hind limb paralysis; and 3, paralysis and exhibiting a moribund state (Hickey et al, 1983 (Hickey et al, , 1987 .
Histological Studies
For selected rats used in the study, brain, spinal cord, spleen, thymus, and lymph nodes were removed, either at peak incidence of disease (day 4 to 6) or after recovery, and fixed in 10% formalin. Paraffinembedded tissues were cut and stained with hematoxylin-eosin for histological examination. Control rats, given saline or control immune globulin, were killed and compared with 4A2-treated rats that had no clinical signs. Two rats that received three, 1 mg/ml injections of the TLD-4A2 mAb, but not encephalitogenic T cells, were killed 7 days after the initial antibody injection and their thymus, spleen, lymph nodes, and CNS tissues were prepared for histological study. Tissues were processed for immunohistochemistry as described below.
Antibodies and Immunocytochemistry
For these studies, control rats with EAE and TLD-4A2 mAb-treated rats that did not develop disease were deeply anesthetized and perfused via the aorta with calcium/magnesium free PBS, followed by 200 ml of 2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Tissues were removed and post-fixed in 2% paraformaldehyde for 1 hour. Thereafter, tissues underwent extensive washes with PBS, and were cryoprotected in a 30% sucrose/PBS (v/v) solution overnight at 4°C. The next day, tissues were blotted dry, blocked, and frozen in O.C.T. Compound (Miles Inc., Elkhart, IN). Cryostat sections 6-m thick were cut and slides allowed to air dry. The staining procedure used has been described in detail elsewhere (Williams et al, 1996) . Briefly, sections were rinsed with 0.5 M Tris buffer, pH 7.6, and then sections were incubated with appropriate primary mAb overnight at 4°C. The next day, slides were incubated with a biotinylated secondary anti-mouse IgG that had been preabsorbed against rat tissues (Vector Laboratories, Burlingame, California) overnight. Sections were then washed three times with PBS and incubated with avidin-biotinylated horseradish peroxidase complex (ABC; Vector Laboratories) for 2 hours. The color reaction product was developed using 3,3Ј-diaminobenzidine in the presence of H 2 O 2 . Sections were dehydrated through a series of ethanols and xylene, coverslipped, and assessed histologically.
A series of cell lineage and MHC specific antibodies were used for immunohistochemical studies on tissue sections and for flow cytometry analysis. The antibodies and their specificity are OX-42 (CD 11 b/c, IgG 2a), OX3 and OX-6 (anti-MHC class II I-A, IgG1), W3/25 (anti-rat CD4, IgG1), OX-8 (anti-rat CD8, IgG1), R73 (anti rat TCR-alpha IgG1) purchased from Serotec (Oxford, United Kingdom). An anti-alpha 4 integrin (VLA-4; a gift from Ted Yednock, Athena Neurosciences, South San Francisco, California; clone L-25, IgG2b) anti-ICAM-1 (a gift from Ted Yednock; clone TM8, IgG1), and TLD-4A2 were also used for flow cytometry and for studies on the inhibition of antigenspecific T cell proliferation.
Flow Cytometry
Flow cytometry studies were undertaken to assess the relative expression of the 4A2 molecule on resting and activated anti-EP T cells compared with a variety of T cell surface molecules, including CD4, MHC class II, VLA-4, and ICAM-1. The same antibodies were used to define antigen expression on dissociated spleen cells, and cells from the lymph node and thymus. Cells were stained either immediately after tissue dissociation or after 3 days of in vitro activation. Dissociated cells and cell lines were counted and adjusted to 0.5 to 1 ϫ 10 6 cells per milliliter per data point. Controls consisted of non-stained cells, exposed to MOPC21 (mouse IgG1) or UPC10 (IgG2a) mAb. Cells were washed twice with PBS and resuspended in PBS with 1% autologous rat serum. One hundred microliters of goat-anti-mouse IgG-FITC (1:650 dilution; Tago, Burlingame, California) was then incubated with the cells for 45 minutes on ice. Cells were washed twice with PBS and fixed using a 1% paraformaldehyde solution. The samples were analyzed by FACScan (BecktonDickinson). Ten thousand events per sample were collected.
Antigen Proliferation Assays
EP-specific T lymphocyte cell lines and T cells recovered from cervical lymph nodes were cultured in triplicate in 0.2 ml of initiation medium at a density of 5 ϫ 10 4 cells per well in 96-well U-bottom microtiter plates (Falcon, Lincoln Park, NJ). As APC, 2.5 ϫ 10 5 irradiated (1,500 rad) mixed lymph node and thymus cells from Lewis rats were used. In specific experiments in which lymph node cells were recovered from TLD-4A2-treated animals, no accessory cells were added. EP peptide was added to the wells at 20 g/ml final concentration. Forty-eight hours later, 0.5 Ci 3 H-thymidine was added to each well of the plate. The cells were harvested 16 hours after the 3 H-thymidine pulse (1295-001 Cell Harvester; LKB-Wallac, Gaithersburg, Maryland). Proliferation was measured by uptake of radioactivity and cpm were determined using liquid scintillation counting. For antibody blocking studies, 50 uL of OX-3 and OX-6 supernate or 1 to 10 g of purified TLD-4A2, anti VLA-4, and anti ICAM-1 mAb were preincubated with APC for 60 minutes before the addition of T cells and antigen. In some wells, a combination of TLD-4A2, anti-ICAM-1, and anti-VLA-4 (10 g/ml each) were used. Control wells consisting of APC, CD4 ϩ T cells, and 50 g/ml of mAb were also used to assess whether antibody alone might stimulate T cell proliferation.
Western Blot Studies
Lysates were prepared from either normal rat lymphnode cells or from monolayers of a rat SV40-transfected brain endothelial cell line designated GP8.E4. In each case the cells were surfacebiotinylated according to the method of Cole et al (1987) , with the following modification for the endothelium. Monolayers were washed six times before and after biotinylation, and sulfo-NHS-biotin (Pierce) in PBS was substituted for NHS-biotin in PBS/DMSO. Lysates from 1 ϫ 10 7 cells were prepared in 2% NP-40, 10 mM Tris/HCL pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF. Precipitates were taken by mixing the lysates with 20 ml of protein-G sepharose with prebound antibody, for 1 hour at 4°C. Precipitates were washed successively in Tris/HCl containing 0.5 M NaCl, 1% NP40; 0.15% NaCl, 1% NP40; and finally 0.5% NP40, before boiling in SDS sample buffer. Precipitated proteins were separated in one-or twodimensional SDS gels (non-reduced/reduced, (Male and Roitt, 1979) , blotted onto nitrocellulose, and probed with 1:1,000 streptavidin-peroxidase (Amersham) in PBS, 5 mg/ml BSA, 0.1% Tween-20. The biotinylated proteins were visualized by enhanced chemiluminescence (ECL; Amersham) and autoradiography.
